To examine the role of the tonoplast in plant salt tolerance and identify proteins involved in the regulation of transporters for vacuolar Na + sequestration, we exploited a targeted quantitative proteomics approach. Two-dimensional differential in-gel electrophoresis analysis of free flow zonal electrophoresis separated tonoplast fractions from control, and salt-treated Mesembryanthemum crystallinum plants revealed the membrane association of glycolytic enzymes aldolase and enolase, along with subunits of the vacuolar H + -ATPase V-ATPase. Protein blot analysis confirmed coordinated salt regulation of these proteins, and chaotrope treatment indicated a strong tonoplast association. Reciprocal coimmunoprecipitation studies revealed that the glycolytic enzymes interacted with the V-ATPase subunit B VHA-B, and aldolase was shown to stimulate V-ATPase activity in vitro by increasing the affinity for ATP. To investigate a physiological role for this association, the Arabidopsis thaliana cytoplasmic enolase mutant, los2, was characterized. These plants were salt sensitive, and there was a specific reduction in enolase abundance in the tonoplast from salt-treated plants. Moreover, tonoplast isolated from mutant plants showed an impaired ability for aldolase stimulation of V-ATPase hydrolytic activity. The association of glycolytic proteins with the tonoplast may not only channel ATP to the V-ATPase, but also directly upregulate H + -pump activity.
INTRODUCTION
The vacuole plays an important role in a plant's tolerance to salinity. Low cytoplasmic sodium concentrations are maintained partially through active sequestration of sodium into the vacuole lumen, serving to compartmentalize this toxic ion away from the cytoplasm. This also provides solutes for osmotic adjustment, facilitating water uptake. Transport of sodium across the vacuolar membrane (tonoplast) is attributed to members of the family of Na + /H + exchangers (NHXs) and is driven by the inside acidic pH gradient generated by the vacuolar H + -ATPase (V-ATPase). While NHX proteins are encoded by single polypeptides, the V-ATPase is a multisubunit enzyme composed of at least 13 subunits, organized to form two distinct sectors: a peripheral domain (V 1 ) and a membrane domain (V o ) (Cipriano et al., 2008) . VHA subunits A, B, C, D, E, F, G, and H make up the V 1 sector, and subunits a, b, c, d, and e compose the V o sector (Cipriano et al., 2008) . In both salt-tolerant halophytes and salt-sensitive glycophytes, sodium regulates the expression at the transcript and protein levels for the tonoplast NHXs (Shi and Zhu, 2002; Yokoi et al., 2002) and different subunits of the V-ATPase Tsiantis et al., 1996; Dietz et al., 2001; Vera-Estrella et al., 2005) . In addition, their transport activity has been shown to increase under salt stress (Reuveni et al., 1990; Barkla et al., 1995; Qiu et al., 2004; Vera-Estrella et al., 2004) . In Arabidopsis thaliana, mutants of NHX family members displayed enhanced salt sensitivity (Shi et al., 2000; Apse et al., 2003) , as do mutants in subunits of the V-ATPase. Specifically, det3, a VHA-C subunit mutant (Batelli et al., 2007) , and vha-c3, a double-stranded RNA interference mutant of the VHA-c subunit (Padmanaban et al., 2004) , are salt sensitive, confirming the role of these proteins in plant salt tolerance. Despite the large number of studies of the function of these transporters in plant salt tolerance, information on how these processes are regulated and the signaling molecules involved is just beginning to emerge.
Accumulating evidence implicates components of the salt overly sensitive (SOS) pathway, and, specifically, the calcineurin B-like interacting protein kinase-interacting protein kinase, SOS2/CIPK24, has recently been revealed to regulate both the activity of the tonoplast Na + /H + exchanger, NHX1 (Qiu et al., 2004) , and that of the V-ATPase (Batelli et al., 2007) , through a possible calcineurin B-like protein-calcineurin B-like interacting protein kinase network. In Arabidopsis, SOS2 mutants show a 60% reduction in Na + /H + exchange and a 30% reduction in V-ATPase H + transport activity. However, only Na + /H + exchange activity was returned to wild-type levels in the sos2 mutant by incubation with a constitutively activated SOS2 protein (Qiu et al., 2004) . Neither transporter appeared to be directly phosphorylated by SOS2, and, in the case of the V-ATPase, regulation appears to be via direct interaction of the SOS2 protein with VHA-B (Batelli et al., 2007) , although how this regulation is achieved was not addressed.
Other possible mechanisms for regulation of the V-ATPase include in vitro evidence that WNK8, a member of the Arabidopsis WNK family of protein kinases, binds to and phosphorylates VHA-C of the V-ATPase (Hong-Hermesdorf et al., 2006) ; however, the involvement of this kinase in salt regulation of the transporters is not known. It has also been proposed that regulation of the V-ATPase may result from changes in assembly brought about by alterations in subunit availability or expression, as well as reversible dissociation of the complex into its component V 1 and V 0 domains (Qi et al., 2007) , although this has not yet been investigated in plants.
In this study, we exploit a quantitative proteomics approach with the aim to identify regulatory proteins involved in salt tolerance in the halophyte Mesembryanthemum crystallinum, employing an organelle-centered study to enable the characterization of a specific subset of proteins targeted to the tonoplast. Free flow zonal electrophoresis (FFZE) purified tonoplast was subjected to two-dimensional differential in-gel electrophoresis (2D-DIGE), a powerful approach for the comparative analysis of protein abundance due to its high degree of accuracy and reproducibility. This technique allowed us to detect statistically significant changes in tonoplast protein abundance between untreated and salt-treated M. crystallinum plants. Analysis of gels using Decyder Software V.6.5 highlighted a small number of tonoplast proteins that showed significant changes in expression level in the presence of NaCl, and these were selected for identification by mass spectroscopy and further characterization.
RESULTS

FFZE
One of the difficulties with subproteome or directed proteome analysis is the presence of contaminating proteins from other cellular membranes that can be erroneously allocated to a particular subcellular structure or endomembrane (Millar, 2004) . In this study, we avoided using traditional fractionation techniques, which are known to result in the presence of contaminating membranes and subsequent identification of nontonoplast proteins (Carter et al., 2004; Shimaoka et al., 2004; Endler et al., 2006) by using FFZE. This technique separates tonoplast from other membranes based on surface charge by laminar flow through a thin aqueous layer (Heidrich and Hannig, 1989; Moritz and Simpson, 2005) . Previously, we have shown that addition of 3 mM ATP to microsomal membranes prior to FFZE results in a shift in tonoplast toward the positive electrode, most likely due to a screening of positive surface charges by the negatively charged ATP 42 ( Figure 1A ; Barkla et al., 2007) . To confirm the origin and purity of this population of membranes for this study, FFZE fractions of M. crystallinum microsomal membranes were collected and subjected to protein blot analysis ( Figure 1B ). Based on membrane protein marker analysis for different membrane compartments, including the tonoplast aquaporin TIP1;2 (Kirch et al., 2000) , the plasma membrane H + -ATPase AHA3 (Parets-Soler et al., 1990) , the plasma membrane Na + /K + cotransporter HKT1 (Su et al., 2003) , the endoplasmic reticulum Ca 2+ binding protein calreticulin (CRT1; Nelson et al., 1997) , the mitochondrial voltagedependent anion channel VDAC1 (Clausen et al., 2004) , and chloroplast ribulose-1,5-bis-phosphate carboxylase/oxygenase activase (RCA; Vargas-Suá rez et al., 2004) , as well as direct chlorophyll measurements ( Figure 1C ), we found that the ATPdependent peak of membranes between fractions 31 to 37 corresponded to tonoplast ( Figure 1A ), in agreement to our previous results (Barkla et al., 2007) .
DIGE of Salt-Regulated Tonoplast Proteins
To identify tonoplast proteins with altered abundance in salttreated M. crystallinum plants compared with control plants, we performed 2D-DIGE using CyDye fluorescent labeling. Tonoplast proteins from three independent biological replicates (control and salt-treated) were prepared, minimally labeled with Cy2, Cy3, and Cy5, and processed for DIGE analysis as described in Methods and shown in Table 1 . The Cy2 dye was used to label an internal standard consisting of an equal amount of protein from control and salt-treated membranes from all experiments; the (B) Immunological detection in the respective fractions of (from top to bottom) the tonoplast marker TIP1;2 (26 kD), the plasma membrane marker AHA3 (100 kD), the plasma membrane marker HKT1 (56 kD), the endoplasmic reticulum marker CRT1 (57 kD), the mitochondrial marker VDAC1 (29 kD), and the chloroplast marker RCA (43 and 41 kD). The fractions corresponding to pure tonoplast are enclosed in the box. internal standard is included on all gels, allowing for normalization of spot volume ratios in order to overcome intergel variability (Alban et al., 2003) . This eliminates error due to protein loading, gel polymerization artifacts, and experimental variation. Protein spots were detected automatically using the DIA module of the software DeCyder 6.5 (GE LifeSciences) with an initial estimation of 2000 spots/gel. A representative 2D preparative gel of tonoplast protein from salt-treated plants is shown in Figure 2A . Following spot matching and filtering, within-gel analysis yielded normalized spot ratio values for all 471 included spots. These values were used to generate histograms that showed a normal distribution with an average 2 SD, corresponding to a threshold volume ratio of 61.49198. Normalized spot volume ratios falling outside this threshold value can be reasonably expected to represent biological changes at a confidence of 95%, with only a 5% false positive chance of it being an artifact of system variation. Matching between the different gels was done by means of landmarking spots in the Cy2 internal standard images from each gel using the BVA module of the Decyder 6.5 software. Statistical analysis was then performed on matched spots, and those that were 1.5-fold up-or downregulated in salt-treated compared with control tonoplasts across all three gels (representing three independent experiments) with a Student's t test probability score of #0.03 were considered differentially expressed (Figures 2B and 2C) . Under these criteria, eight spots exhibited statistically significant expression changes (Figure 2 ). The spot ratios for all the protein spots detected are presented in Supplemental Data Set 1 online.
Identification of Differentially Regulated Tonoplast Proteins by Mass Spectrometry
Following spot picking and tryptic digestion, protein identification was performed using nano-liquid chromatography-tandem mass spectrometry (MS/MS). Of the eight differentially regulated spots that were present in all the gels from three independent experiments, four unique proteins were identified that all showed increases in abundance in the salt-treated M. crystallinum tonoplast compared with tonoplast isolated from control plants (Table  2; see Supplemental Table 1 online) . These included two peripheral subunits of the V-ATPase, VHA-d and VHA-B. In the case of subunit VHA-B, two spots were identified (spots 318 and 414) that differed in molecular mass (32 and 26 kD, respectively). While the deduced molecular mass of VHA-B is 55 kD, it is known that this subunit can under certain conditions undergo in vivo proteolytic processing into two subunits with apparent molecular masses of 31 to 32 kD and 27 to 28 kD (Zhigang et al., 1996; Krisch et al., 2000; Ratajczak, 2000) , matching the size of the proteins identified in this study. This phenomenon is not limited to M. crystallinum, as the V-ATPase B subunit of yeast, Vma2p, was also susceptible to proteolytic processing with the appearance of a 30-kD protein (Landolt-Marticorena et al., 1999) . It has been suggested that this posttranslational modification may be a means of stabilizing the holoenzyme complex or for regulating function (Ratajczak, 2000) . Both VHA-B protein spots showed a similar fold increase in abundance in tonoplast from salt-treated plants.
Two enzymes most commonly associated with glycolysis and categorized as cytoplasmic soluble proteins were also identified. One of these, 2-phosphoglycerate dehydratase (enolase), was also identified from two distinct spots, 131 and 132. These spots had the same molecular mass of ;50 kD, but their pI values differed slightly (between ;5.6 and 5.7). This suggested posttranslational modification of the protein and was supported by previous evidence of reversible phosphorylation of the enzyme (Dannelly et al., 1989; Forsthoefel et al., 1995) . The other enzyme, fructose bis-phosphate aldolase (aldolase), was identified from spot 241 with molecular mass of 38 kD and pI 6.5. The remaining two spots (287 and 484) were unidentifiable, as no spectra were obtained for these proteins, indicating there were most likely insufficient quantities in the excised spots. These two were the only proteins found to be significantly downregulated in the salttreated tonoplast.
It is not surprising that we did not identify any highly hydrophobic integral membrane proteins in this analysis, as these proteins are known to precipitate out of solution during isoelectric focusing; this is one of the inherent problems of gel-based proteomics approaches for hydrophobic membrane proteins (Henningsen et al., 2002) .
Confirmation of 2D-DIGE Results by Protein Blot Analysis and Enzymatic Activity
Direct protein blot analysis of purified tonoplast from control and salt-treated M. crystallinum supported the localization of the glycolytic proteins to tonoplast fractions and corroborated the differential regulation of the proteins identified in the DIGE gels under our growth and treatment regimes. Aldolase and enolase were both detected in the purified tonoplast fractions of leaves of control plants and showed increased abundance in the salt-treated plants, validating the DIGE experimental results ( Figure 3A ). V-ATPase subunit VHA-B was also confirmed to be salt regulated, while subunits VHA-A and VHA-E showed no change in abundance between control and salt-treated plants ( Figure 3A ). Differential expression of V-ATPase subunits is thought to be important for the regulation of the enzyme under stress conditions (Qi et al., 2007) . In addition to regulation by salt treatment, the effect of cold and mannitol treatment on the levels of the glycolytic enzymes at the tonoplast were also examined ( Figure 3B ), as enolase has previously been shown to be regulated at the level of the transcript by low temperature stress (Lee et al., 2002) . Tonoplast aldolase levels were significantly lower when plants were treated with mannitol or exposed to low temperatures (48C). By contrast, enolase showed (A) A representative preparative silver-stained gel of tonoplast fractions from salt-treated plants. Protein (200 mg) was separated by isoelectric focusing on 3 to 10 linear immobilized pH gradient strips for the first dimension and by SDS-PAGE on a 10% linear acrylamide gel for the second dimension. Eight protein spots that showed significant changes in abundance between the control and salt-treated tonoplast samples after analysis with Decyder Software (>1.5-fold change, P # 0.05; Student's t test [P # 0.03]; n = 3) are circled and labeled with the software-derived spot number. The positions of PAGE molecular mass markers are shown in kilodaltons on the right of the gel image.
(B) Graphical representation of the standardized log abundance (i.e., log abundance of Cy3-or Cy5-labeled spot over log abundance of Cy2-labeled standard spot). Individual lines show each of the three biological replicates from control (C) and salt (S)-treated tonoplast. Triangles, values from gel 1; circles, values from gel 2; squares, values from gel 3.
(C) The three-dimensional fluorescence intensity profiles of the individual spots shown for one of the biological replicates comparing control and salttreated profiles of each of the eight protein spots that showed significant changes.
[See online article for color version of this figure. ] an increase in protein amount in tonoplast fractions over control values following cold exposure, similar to the increase observed in the presence of NaCl. However, mannitol treatment resulted in decreased enolase levels ( Figure 3B ). These results indicate that only salt treatment results in the coordinate upregulation of both glycolytic enzymes at the tonoplast. Measurement of enzyme activity was also used to confirm the presence of aldolase and enolase in the purified tonoplast fraction and the upregulation by salinity treatment ( Figure 3C ). Activities of both enzymes were measured as the utilization of NADH in coupled reactions. The aldolase activity assay employed the substrate fructose 1,6 bisphosphate and the enzymes glycerophosphate dehydrogenase and triosephosphate isomerase (Hodgson and Plaxton, 1998) , whereas the enolase activity assay used the substrate 2-phosphoglycerate and the enzymes pyruvate kinase and lactate dehydrogenase (Hü ther et al., 1990) . Aldolase and enolase activities were both detected in tonoplast from control plants with averaged measured activities of 195 mmol NADH mg 21 protein min 21 and 153 mmol NADH mg 21 protein min 21 , respectively. Both enzymes showed significant increases in activity in tonoplast from salt-treated plants: a 6.0-fold increase in activity for enolase and a 2.6-fold increase for aldolase ( Figure 3C ).
Chaotrope Treatment of Tonoplast Demonstrates Membrane Association of Aldolase and Enolase
Chaotropes are routinely used to destabilize protein-protein and protein-lipid interactions that mediate the peripheral association of proteins to a membrane by disrupting hydrogen bonds, van der Waals forces, and hydrophobic effects and as such allow for the determination of the strength of that association (Hatefi and Hanstein, 1974) . Addition of these compounds has been used successfully to remove nonintegral proteins from membranes, including subunits of the yeast and plant V-ATPase that constitute the V 1 sector of the holoenzyme (Kane et al., 1989; Ward et al., 1992) . In this study, 200 mM sodium carbonate buffer, pH 11.4, in the presence of 3 mM MgATP, was used to determine the membrane association of aldolase and enolase in purified Protein spots chosen for MS/MS analysis met the following criteria: >1.5-fold change (P # 0.05); n = 3; t test (P # 0.03). a Average ratios of abundance of salt-treated tonoplast relative to the untreated control represent data from three separate experiments. b Student's t test P values are given as a measure of confidence for the ratio of each spot measured. c UniProtKB/GenBank accession numbers. d Number of matched peptides from MS/MS. Proteins were identified by two or more unique peptides. e The amino acid residues appearing before and after the periods correspond to the residues proceeding and following the peptide in the protein sequence, and the asterisks within the peptide sequence indicate a differential modification on the preceding amino acid. f The charge state of the candidate peptide. g For data validation, we accepted spectra with SEQUEST cross-correlation scores (Xcorr) of at least 2.5 for doubly and 3.5 for triply charged ions. h SEQUEST DCn value gives the difference of the cross-correlation scores between the best hit and the following hits.
tonoplast, compared with specific peripheral subunits of the V-ATPase. The addition of MgATP is known to facilitate the removal of V 1 sector subunits into the soluble fraction in the presence of the chaotrope (Ward et al., 1992) . Visualization of Coomassie blue-stained gels of tonoplast proteins showed that several polypeptides ranging in molecular mass from 25 to 100 kD were absent in the chaotrope-treated membranes ( Figure  4A ). Subsequent protein blot analysis of tonoplast isolated from salt-treated plants demonstrated that while chaotropic treatment was able to successfully remove most of VHA-E and VHA-A from the tonoplast fraction, only a small decrease in aldolase or enolase abundance was observed and little to no decrease in VHA-B subunit was detected ( Figure 4B ), suggesting a strong association of these proteins, including the glycolytic enzymes, with the tonoplast. When aldolase activity was measured in chaotrope-incubated membranes isolated from salt-treated plants, there was only a slight decrease compared with values measured in the absence of chaotrope (484 mmol NADH mg 21 protein min 21 compared with 365 mmol NADH mg 21 protein min 21 in the presence of chaotrope) ( Figure 4C ). These data confirmed that the majority of these enzymes remained attached to the tonoplast. By contrast, V-ATPase hydrolytic activity was severely reduced in the chaotrope-treated tonoplast ( Figure 4D ), most likely due to the almost complete loss of the catalytic subunit, VHA-A ( Figure 4B ).
Immunoprecipitation Reveals Interaction between Glycolytic Enzymes and Subunits of the V-ATPase
Enzymes of glycolysis are increasingly being assigned roles in other nonmetabolic processes, suggesting so-called moonlighting functions (Gancedo and Flores, 2008) . With particular relevance to this study, yeast aldolase has been shown to bind to subunits of the yeast vacuolar V-ATPase, including subunits E and B, mediating assembly, and regulating expression and activity of the proton pump (Lu et al., 2001 (Lu et al., , 2004 . This in vivo interaction did not require aldolase catalytic activity, as mutants lacking the catalytic site were still capable of interacting (Lu et al., 2007) , although the exact mechanism of regulation remains unclear, and it has not been related to a specific stress condition. Enolase also appears to bind to yeast vacuoles through a peripheral membrane association, but the target protein on the membrane remains unknown (Decker and Wickner, 2006; Wiederhold et al., 2009) . In order to determine if in M. crystallinum these enzymes are associated to the tonoplast by means of physical interaction with subunits of the V-ATPase, we performed reciprocal immunoprecipitation assays on tonoplast isolated from control and salt-treated plants using antibodies against aldolase, enolase, VHA-B, and VHA-E subunits ( Figure  5 ). Immunoprecipitation of aldolase followed by immunoblotting with anti-VHA-B antibodies showed association between the (C) Aldolase and enolase enzymatic activity in tonoplast isolated from control and salt-treated plants. Results are presented as mean 6 SE (n = 3). Statistical significance was evaluated using Student's t test for pairwise comparison and analysis of variance for comparison of data from several groups. A probability level of <0.01 (indicated by asterisks) was considered highly significant. two proteins, which was confirmed by reciprocal experiments in which VHA-B was immunoprecipitated and interacting proteins were probed with anti-aldolase antibodies ( Figure 5 ). In both cases, more of the interacting protein was detected in salttreated tonoplast fractions. Immunoprecipitation of VHA-B followed by probing against enolase also suggested an interaction; however, in this case, no VHA-B was detected in reciprocal experiments wherein tonoplast enolase was immunoprecipitated ( Figure 5 ). This could result from failure of the enolase peptide-specific polyclonal antibody to recognize the nondenatured native form of the protein or obstruction of the epitope by the protein interaction but may also suggest the detection of VHA-B/enolase interaction was nonspecific. Immunoprecipitation experiments using other V-ATPase subunits (VHA-A and -E) failed to detect protein associations with either enolase or aldolase, indicating specificity for VHA-B ( Figure 5 ).
Aldolase Stimulates V-ATPase Hydrolytic Activity in Vitro in Tonoplast from M. crystallinum by Increasing the Affinity for ATP
To investigate the functional significance of the reciprocal association of aldolase with the V-ATPase subunit VHA-B, we examined whether the presence of purified spinach (Spinacia oleracea) aldolase was able to regulate the activity of the V-ATPase in vitro, in tonoplast fractions from M. crystallinum leaf tissue. As demonstrated in Figure 6A , the addition of increasing concentrations of aldolase resulted in a concomitant increase in bafilomycin-sensitive and azide-and vanadateinsensitive V-ATPase hydrolytic activity. Figure 1 online), demonstrating that aldolase regulation was not species specific. In order to understand the mechanism underlying aldolase stimulation of the V-ATPase, we measured hydrolytic activity in the presence of increasing ATP concentrations at different concentrations of aldolase to determine the effect on the kinetic properties of the V-ATPase enzyme. As aldolase concentration was increased, there was a concomitant decrease in the K m value for ATP with an increase in V max , indicating an increased affinity for ATP in the presence of aldolase and an allosteric regulation of V-ATPase by the glycolytic enzyme ( Figure 6B ). The ability of enolase to stimulate in vitro V-ATPase hydrolytic activity was also investigated. The addition of increasing concentrations of purified yeast enolase did not result in a change in V-ATPase hydrolytic activity (see Supplemental Figure 2A online). Enolase (0.04 units) was also added in the presence of aldolase (0.03 units) to determine if there was a synergistic or additive effect of the two glycolytic enzymes (see Supplemental Figure 2B online); however, the resulting stimulation of V-ATPase activity was similar to levels obtained in the presence of aldolase alone ( Figure 6A ). The absence of an effect of yeast enolase on the stimulation of the M. crystallinum V-ATPase activity may be attributed to differences between the yeast enzyme and plant enolases (only 54% similarity or less between the sequences). Previously, it has been shown that structural differences between yeast and a rabbit enolase resulted in the inability of the yeast enzyme to substitute for the rabbit enzyme in stimulation of immunoglobulin production (Sugahara et al., 1998) and highlights the need to use plant-specific enzymes.
Arabidopsis Enolase Mutants Are Salt Sensitive, Have Reduced Levels of Enolase at the Tonoplast, and Show a Reduction in Aldolase Stimulated V-ATPase Activity Similar to results obtained using M. crystallinum, Arabidopsis shows tonoplast glycolytic enzyme association that is upregulated by salinity ( Figure 7A, WT) , and the addition of aldolase is observed to stimulate in vitro the hydrolytic activity of the V-ATPase ( Figure 7B , WT), suggesting it is an appropriate model for further studies on the in vivo role of the salinity-induced association of glycolytic enzymes with the tonoplast and their regulation of the V-ATPase. To do this, we obtained an Arabidopsis enolase mutant, los2, which has been shown to have severely reduced cytoplasmic enolase activity and a reduction in enolase transcript specifically under cold stress, as well as alterations in cold-responsive gene expression, which suggested another role for enolase as a cold-specific transcriptional repressor (Lee et al., 2002) .
In this study, under control growth conditions, both wild-type and los2 plants showed similar levels of enolase associated with Leaf tonoplast protein (15 mg) from control (C) and salt-treated (S) M. crystallinum plants was analyzed by reciprocal immunoprecipitation (IP), SDS-PAGE, and immunoblotting (IB) as described in Methods, using the indicated antibodies (top antibody was used for immunoprecipitation; bottom antibody was used to probe blots). The results shown are representative of experiments that were repeated three times, which yielded identical results. The positions of PAGE molecular mass markers are shown in kilodaltons on the left of the panels. (A) V-ATPase hydrolytic activity (bafilomycin-sensitive and azide-and vanadate-insensitive) was estimated by spectrophotometric measurement of inorganic phosphate release as described in Methods. Activity was measured in tonoplast vesicles (15 mg protein) isolated from M. crystallinum over a range of aldolase concentrations. Data represent means 6 SE of three replicate experiments. Each replicate experiment was performed using independent membrane preparations. The solid lines show the fit of the kinetic data with the Michaelis-Menten equation, and from this the rate constants K s and V max were calculated. K s refers to the concentration of aldolase that gives half the maximal velocity, and V max refers to the velocity of the enzyme catalyzed reaction at saturating aldolase concentrations. The x 2 value indicates the goodness of fit and confirmed that the data fitted the equation at a probability level of at least P < 0.01. (B) V-ATPase hydrolytic activity was measured over a range of ATP concentrations in the presence of increasing amounts of aldolase. Data represent means 6 SE of three replicate experiments performed using independent membrane preparations. The solid lines show the fit of the data with the Michaelis-Menten equation. Units for V max are mmol P i mg À1 protein min À1 . The x 2 values, indicating the goodness of fit of the data to the equation, gave probabilities of at least P < 0.05. [See online article for color version of this figure.] the tonoplast ( Figure 7A , left panel). However, in membranes isolated from salt-stressed los2 plants, there was a noticeable reduction in enolase protein levels at the tonoplast ( Figure 7A , left panel). At the same time, there was no apparent reduction of the enzyme in total protein extracts from salt-treated plants ( Figure 7A , right panel). We also investigated the protein levels of aldolase and several of the VHA subunits in the los2 enolase mutant ( Figure 7A ). There was no change in abundance of aldolase in total protein extracts from wild-type and los2 control or salt-treated plants, and the salt-induced accumulation of the protein was maintained in tonoplast fractions as well. As expected for membrane-associated proteins, no VHA subunits were detected in the total protein extracts (data not shown), whereas in tonoplast fractions, VHA-B maintained its salt regulation, while there were no detectable changes in VHA-E ( Figure 7A ).
This specific reduction in enolase protein at the tonoplast appeared to affect directly the ability of exogenous aldolase to stimulate V-ATPase activity from salt-treated los2 mutant plants. In the salt-treated los2 mutant plants, V-ATPase stimulation by aldolase was significantly less than that measured in wild-type salt-treated plants (45.15 mmol Pi mg 21 protein min 21 and 53.84 mmol Pi mg 21 protein min 21 , respectively; P < 0.05, Figure 7B ). Moreover, salt-treated los2 enolase mutant plants were considerably more salt sensitive than wild-type salt-treated plants ( Figure  7C) , showing severe wilting and chlorotic lesions on leaves.
DISCUSSION
The identification of aldolase and enolase as associated with the plant tonoplast is not as surprising as it may first appear, and it may be that we have to rethink our fundamental view that soluble glycolytic enzymes diffuse freely within the cytoplasmic volume. Increasingly, proteins involved in glycolysis are being assigned to membrane fractions in organisms ranging from mammals to yeast, as well as in plants. It is argued that binding to different organelles/membranes may concentrate glycolytic complexes in regions of high demand for ATP or pyruvate, directly channeling these substrates to specific transporters or proton pumps by forming functionally compartmentalized energy networks ( Dhar-Chowdhury et al., 2007) , and this glycolysis-derived ATP is preferentially used to drive rapid biological processes, including membrane transporters (Ikemoto et al., 2003) . In plants, an Arabidopsis mitochondrial proteomics study identified the presence of seven glycolytic enzymes, including aldolase and enolase, associated with the outer mitochondrial membrane (Giegé et al., 2003) , and mitochondrial membrane-associated enzyme activities for all 10 of the glycolytic enzymes were confirmed (Giegé et al., 2003) . The mitochondrial association of the enzymes increased with higher respiratory demand, and pull-down experiments suggested protein interactions with the outer membrane channel VDAC, which anchors the glycolytic complex to the mitochondrial surface via direct and strong interaction with aldolase (Graham et al., 2007) .
Evidence for tonoplast localization of glycolytic enzymes in plants has come from a number of independent proteomic studies, although it has been widely ignored as having no functional significance, being attributed to contaminating fractions (Carter et al., 2004) or characterized as soluble cytoplasmic proteins that have no role at the tonoplast (Schmidt et al., 2007; Endler et al., 2009) . Triosephosphate isomerase was identified in a proteomic study of barley (Hordeum vulgare) tonoplast (Endler et al., 2006) , as well as in the vegetative vacuole proteome of Arabidopsis of both whole vacuoles and tonoplast (Carter et al., 2004) . The latter study also identified hexokinase in the tonoplast fraction (Carter et al., 2004) . Glyceraldehyde 3 phosphate dehydrogenase was present in a proteomic study of vacuoles purified from cauliflower (Brassica oleracea) buds (Schmidt et al., 2007) and also in a barley tonoplast phosphoproteomic study (Endler et al., 2009) . Enolase was identified as a protein in highly purified vacuoles from Arabidopsis cell suspensions (Shimaoka et al., 2004) . Aldolase has been identified in several studies, including a quantitative proteomics analysis of rice (Oryza sativa) root tonoplast proteins induced by gibberellin treatment (Tanaka et al., 2004) , in the proteome of vacuoles from cauliflower buds (Schmidt et al., 2007) , and as a phosphopeptide in barley tonoplast (Endler et al., 2009) . Jaquinod et al. (2007) , in a proteomic study of vacuoles from Arabidopsis cell suspensions, identified five glycolytic enzymes associated with the chaotropetreated membrane fraction, namely, hexokinase, glyceraldehyde-3-phosphate dehydrogenase, phosphoglycerate kinase, aldolase, and triosephosphate isomerase. In specific studies, the glycolytic proteins were associated with the membrane fractions following chaotrope treatment (Schmidt et al., 2007) .
The increased abundance and activity of aldolase and enolase in the tonoplast in M. crystallinum under conditions of salt stress (Figure 3 ) may provide a means for localized increases in ATP generation via glycolysis to meet demands of the V-ATPase for increased proton-driven transport, which would in turn facilitate the accumulation of Na + into the vacuole. Evidence that aldolase and enolase are interacting with the tonoplast through direct association with V-ATPase subunits, specifically the regulatory subunit VHA-B, supports this view ( Figure 5 ) and is not unprecedented. In both bovine kidney and yeast, aldolase has been shown to interact with the VHA-B of the V-ATPase (Lu et al., 2001 (Lu et al., , 2004 , with the possible involvement of other subunits including VHA-E. Furthermore, this interaction modulates V-ATPase activity and assembly (Lu et al., 2007) . Yeast aldolase mutants that maintained enzyme catalytic activity but were impaired in binding to VHA-B resulted in decreased V-ATPase activity (Lu et al., 2007) . In yeast, the physiological significance of this association has not been determined, and studies have yet to decipher under what conditions the interaction takes place. In plants, an association between aldolase and V-ATPase subunits was noted in rice roots following the identification of aldolase in the tonoplast fraction (Tanaka et al., 2004) ; VHA-A, VHA-B, and VHA-a coimmunoprecipitated with aldolase, but regulation of activity was not demonstrated (Konishi et al., 2004 (Konishi et al., , 2005 , and physiological relevance was also lacking for this association.
In this study, increases in both aldolase and enolase protein at the tonoplast are paralleled by increases in amount of the VHA-B subunit, but not by changes in abundance of either VHA-E or VHA-A (Figure 3) . Similar nonstoichiometric changes in subunit abundance have been reported in yeast and in mammalian renal tissue, where it is thought that changes in specific subunits of the protein complex can regulate assembly and/or coupling efficiency (Valles et al., 2005; Cipriano et al., 2008) , without changing the final subunit stoichiometry. In plants, noncoordinated regulation of VHA subunits in tonoplast fractions has been suggested to be important for stress tolerance (Dietz et al., 2001) , although how this is achieved is not addressed. An increase in VHA-B and not VHA-A could also indicate a previously unknown, V-ATPaseindependent function for a particular VHA-B isoform, of which there are three expressed in plants (Sze et al., 2002) . Cho et al., (2006) showed VHA-B1 interactions with hexokinase and transcription factors in the nucleus were involved in glucose sensing, which was independent of its function in V-ATPase vacuole acidification. However, in our study, an unconventional role for the VHA-B subunit appears less likely, as aldolase is shown to have direct effects on modulating the activity of the V-ATPase on the tonoplast and may have a role in regulation of salt accumulation, particularly as the association is induced by salinity. Hydrolytic activity in the presence of aldolase was increased in a concentration-dependent manner and was reflected as an increase in the affinity of the proton pump for ATP (Figure 6 ). This possible steric effect may be due to the association of aldolase with the VHA-B subunit ( Figure 5 ) and seems to imply that the presence of the glycolytic enzymes on the tonoplast has an additional, more direct role to that of merely a localized supply of ATP. Further work will need to be performed to identify the isoform(s) of the VHA-B that is involved in the interaction, as antibodies used in this study were not isoform specific.
The Arabidopsis enolase mutant los2 provides more direct evidence that the association of glycolytic enzymes with the tonoplast, and in particular the regulation of the V-ATPase, plays a role in plant salinity tolerance (Figure 7) . Enolase mutant plants show a salinity-induced, tonoplast-specific reduction in enolase protein that is not observed in whole-cell protein extracts or in plants that are grown under control conditions. This decreased abundance of enolase at the tonoplast results in a reduction in the ability of aldolase to stimulate V-ATPase activity in vitro, suggesting that a protein complex comprising aldolase, subunits of the V-ATPase, and enolase may be required for successful regulation. Moreover, the los2 plants show a salt-sensitive phenotype, highlighting the importance of this association in plant salt tolerance.
Interestingly, in a meta-analysis of 2D proteomics data, enolase is one of the top 15 identified differentially expressed proteins in human quantitative proteomic studies (Petrak et al., 2008) , raising the concern that its frequent identification results from a technical artifact. However, a reexamination of compiled transcriptomic data confirmed that enolase is also frequently identified as a differentially expressed transcript, and the observed transcriptional changes for the gene correlated surprisingly well with the frequencies calculated in the proteomic meta-analysis (Petrak et al., 2008) . This finding, along with the growing evidence that enolase is a multifunctional protein across species, implies that it may play a regulatory or sensor role in multiple stress situations in diverse cellular locations. This would fit well with a role in salt tolerance as suggested by our study.
METHODS
Plant Materials and Growth Conditions
Mesembryanthemum crystallinum plants were grown from seed in soil (MetroMix 500; Sun Gro Horticulture) in a propagation tray. Three weeks following germination, individual seedlings were transplanted to pots containing the soil mixture, with two plants per 15-cm-diameter pot. Plants were watered daily and one-half strength Hoagland medium (Hoagland and Arnon, 1938) was supplied weekly. NaCl (200 mM) or mannitol (400 mM) treatment was initiated 6 weeks after germination for a period of 7 d. For cold treatment, plants were placed at 48C under a normal photoperiod for a period of 4 d.
Arabidopsis thaliana wild-type (Columbia-0 [Col-0]) and los2 (enolase mutant) (Lee et al., 2002) plants were grown from seed in soil in a propagation tray and then transplanted to hydroponic trays containing one-half strength Hoagland medium at 3 weeks (Hoagland and Arnon, 1938) . NaCl-treatment (75 mM for 4 d) was initiated 8 weeks after germination. Ananas comosus was propagated vegetatively from the crowns of commercially obtained fruits. All plants were grown in a glasshouse under natural irradiation and photoperiod. Temperature was maintained at 258C 6 38C.
The enolase (los2) mutant seeds were generously provided by J.-K. Zhu (University of California, Riverside) and confirmed by PCR sequencing analysis. Primers derived from the LOS2 sequence (LP, 59-CCAAC-TCCTCCTCAATACGCAA-39; and RP, 59-GTTGGTGATGAAGGTGGG-TTTG-39) were used to amplify the corresponding region from genomic DNA of the wild type and los2. Sequence analysis of two independent PCR products of Col-0 and los2 detected a single G-to-A substitution at position 326 in the los2 enolase mutant as previously described (Lee et al., 2002) .
Microsomal Membrane Isolation
Leaf material (30 g) from M. crystallinum, A. comosus, and Arabidopsis was harvested and sliced into small pieces (following the removal of major veins for M. crystallinum). Tissue was placed directly into 300 mL of icecold homogenization medium in a prechilled Waring blender. All subsequent operations were performed at 48C. The homogenization medium consisted of 400 mM mannitol, 10% (w/v) glycerol, 5% (w/v) PVP-10, 0.5% (w/v) BSA, 1 mM PMSF, 30 mM Tris, 2 mM DTT, 5 mM EGTA, 5 mM MgSO 4 , 0.5 mM butylated hydroxytoluene, 0.25 mM dibucaine, 1 mM benzamidine, and 26 mM K + -metabisulfite, adjusted to pH 8.0 with H 2 SO 4 . Microsomal membranes and tonoplast were isolated as previously described (Barkla et al., 1995) . Membranes were frozen directly in liquid N 2 and stored at 2808C.
Purification of Tonoplast by FFZE
Microsomal membranes were fractionated by FFZE using the BD FFE system (BD Proteomics). Prior to fractionation, the microsomal sample was diluted 2:1 (v:v) in separation medium (10 mM triethanol amine [TEA] , 10 mM acetic acid, 2 mM KCl, and 250 mM sucrose) and centrifuged at 14,000g for 20 min at 48C. The sample (3 mg/mL protein) was injected continuously via a peristaltic pump at a rate of 1.2 mL/h using the anodic sample inlet. The media inlets of the chamber had the following buffer compositions: inlets 2 to 6, separation medium (10 mM TEA, 10 mM acetic acid, 2 mM KCl, and 250 mM sucrose); inlets 1 and 7, stabilization medium (40 mM TEA, 40 mM acetic acid, 8 mM KCl, and 180 mM sucrose). The cathodic and anodic circuit electrolyte solutions consisted of 100 mM TEA, 100 mM acetic acid, and 20 mM KCl adjusted to pH 7.4 with NaOH, with 0.4% formaldehyde added to the anodic solution to prevent loss of chloride by anodic oxidation. The counter flow medium for inlets C1, C2, and C3 was the same as the separation medium.
FFZE was performed in horizontal mode at a constant voltage of 750 V (118 mA), with a media and counter flow rate of 250 mL/h. The temperature during the run was maintained at 58C by the continual flow of coolant, below the glass separation plate, from a circulating water bath. Following separation in the chamber, membrane fractions were collected continually in 96 deep well microtiter plates (4 mL/well; Sunergia Medical). Fractions from sequential runs were pooled and membranes concentrated by centrifugation in a Beckman 55.2 Ti rotor in an L8-M ultracentrifuge at 100,000g for 50 min at 48C. Membrane pellets were resuspended in 50 to 100 mL of suspension buffer containing 250 mM mannitol, 10% glycerol (w/v), 10 mM Tris/MES, pH 8.0, and 2 mM DTT and frozen in liquid N 2 for storage at 2808C. Separation by FFZE was monitored by collecting microtiter plates (250 mL/well) at several time points during the run and measuring protein (O.D. 280 ) using a microplate scanning spectrophotometer (Power Wave X ; Bio-Tek Instruments).
Protein and Chlorophyll Determination in Samples
Protein in microsomal and FFZE fractions was measured by a modification of the Bradford method (Bradford, 1976) , in which membrane protein was partially solubilized with 0.5% (v/v) Triton X-100 for 5 min before dilution and the addition of the dye reagent concentrate; the final concentration of Triton X-100 in the assay was 0.015%. Protein in samples prepared for 2D-DIGE analysis was measured by the RCDC protein assay kit (Bio-Rad) according to the manufacturer's instructions. BSA was employed as the protein standard.
Chlorophyll in FFZE fractions was measured spectrophotometrically according to the method of Arnon (1949) using a microplate scanning spectrophotometer (Power Wave X ). The absorbance was measured at 645 and 663 nm, and calculations were made according to the following equations. Chlorophyll a (mg/mL) = 12.7 (A663) to 2.69 (A645). Chlorophyll b (mg/mL) = 22.9 (A645) to 4.68 (A663).
SDS-PAGE, Staining, and Immunoblotting
FFZE fractions and tonoplast samples were precipitated by dilution of the samples 50-fold in 1:1 (v/v) ethanol/acetone and incubated overnight at 2308C according to the method of Parry et al. (1989) . Samples were then centrifuged at 13,000g for 20 min at 48C using an F2402 rotor in a GS-15R table-top centrifuge (Beckman). Pellets were air dried, resuspended with sample buffer (2.5% SDS), and heated at 608C for 2 min before loading (15 mg of protein per lane) onto 10% (w/v) linear acrylamide extra wide mini-gels (Scie-Plas). After electrophoresis, SDS-PAGE separated proteins were either fixed and stained with Coomassie Brilliant Blue R 250 or electrophoretically transferred onto nitrocellulose membranes (ECL; GE Lifesciences) for immunoblot analysis, as previously described (Vera-Estrella et al., 2004) . Digital images were captured using a Hewlett Packard flatbed scanner (Scan Jet 8250). Primary antibodies and dilutions used in this study are as follows: castor bean (Ricinus communis) anti-aldolase (1/2000) (Hodgson and Plaxton, 1998) ; human anti-enolase (1/1000) (purchased from Santa Cruz Biotechnology); Kalanchoe anti-VHA-B (1/1000) (Long et al., 1995) ; Kalanchoe anti-VHA-A (1/1000) (Long et al., 1995) ; anti-VHA-E (1/2000) (purchased from Agrisera; Reuveni et al., 2001) ; M. crystallinum anti-TIP1;2 (1/2000) (Kirch et al., 2000) ; Arabidopsis anti-AHA3 (1/2000) (Parets-Soler et al., 1990) ; M. crystallinum anti-HKT1 (1/2000) (Su et al., 2003) ; M. crystallinum anti-CRT1 (1/2000) (Nelson et al., 1997) ; anti-VDAC1 (1/2000) (purchased from Agrisera; Clausen et al., 2004) ; and Zea mays anti-RCA (Vargas-Suá rez et al., 2004) . With the exception of anti-TIP1;2, the antibodies used did not distinguish between specific isoforms of the various proteins detected.
Sample Preparation and CyDye Fluorescent Labeling
FFZE fractions (33 to 37), representing pure tonoplast, were pooled, and 75 mg protein was then desalted/cleaned with the ReadyPrep 2D Cleanup kit (Bio-Rad) according to the manufacturer's instructions. The final protein pellet was resuspended in labeling buffer (30 mM Tris-HCl, pH 8.5, 7 M urea, 2 M thiourea, 2% CHAPS, and 2% amidosulfobetaine-14. Samples were labeled with the appropriate CyDye (Cy2, Cy3, or Cy5) according to the three dye strategy for minimal labeling as instructed by the manufacturer (GE Lifesciences). Briefly, 300 pmol dye/50 mg protein was added and samples were incubated in the dark on ice for 30 min. The labeling reaction was stopped by the addition of 1 mL of 10 mM lysine and incubated on ice for a further 10 min. This was repeated for control and treated samples from all three independent experiments as described in the experimental design (Table 1) . Dye swapping between experimental samples was performed to control for any dye-specific artifacts resulting from preferential labeling or variable fluorescence characteristics of the gel or glass plates at the different excitation wavelengths of Cy2, Cy3, and Cy5. Following labeling, equal volumes of rehydration buffer containing 23 DTT and ampholytes was added to each reaction (7 M urea, 2 M thiourea, 2% amidosulfobetaine-14, 2% CHAPS, 100 mM DTT, and 1% Bio-Lyte 3-10 ampholytes [Bio-Rad]), giving a final concentration of 50 mM DTT and 0.5% Bio-Lyte 3-10 ampholytes. The three different CyDye samples for each gel were pooled and brought to a final volume of 300 mL with 13 rehydration buffer.
2D Gel Electrophoresis, Gel Imaging, and Image Analysis
Ready Strip IPG strips (17 cm, linear pH 3 to 10; Bio-Rad) were layered gel side down onto samples placed in the Protean IEF tray (Bio-Rad). Strips were covered with 2 mL of mineral oil, and active rehydration was performed overnight in a Protean IEF Cell (Bio-Rad) at 50 V and 208C. Following strip rehydration, isoelectric focusing (IEF) was performed with a three-step ramping protocol for a total of 40,000 V/h at 208C and a maximum current setting of 50 mA per strip. After IEF, the IPG strips were first equilibrated for 15 min in DTT equilibration buffer (6 M urea, 0.375 M Tris-HCl, pH 8.8, 2% SDS, 20% glycerol, and 2% DTT) on a shaker, followed by an additional 15 min in iodoacetamide equilibration buffer (6 M urea, 0.375 M Tris-HCl, pH 8.8, 2% SDS, 20% glycerol, and 2.5% iodoacetamide). IEF gel strips were loaded onto 10% acrylamide gels cast between low fluorescence glass plates coated on one side with bind silane solution (80% ethanol, 2% glacial acetic acid, and 0.001% bind silane). Two reference markers were included on the glass plate that contained the bind silane to facilitate robotic spot picking. Strips were overlayed with 0.5% low melting point agarose in SDS running buffer (25 mM Tris-HCl, pH 8.3, 192 mM glycine, 0.1% SDS, and bromophenol blue), and SDS-PAGE was performed using the Ettan Daltsix electrophoresis system (GE Lifesciences) at 10 mA/gel for 1 h followed by 12 mA/gel for a total of 17 to 20 h at 258C.
Individual gels were scanned three times using a Typhoon Variable Mode TM 9410 imager (GE Lifesciences) to obtain the images for each of the three CyDyes according to the acquisition conditions outlined in Supplemental Table 2 online. Image analysis was performed using the DeCyder 2D Software V6.5 following the manufacturer's instructions (GE Lifesciences) and as described (Casasoli et al., 2007) .
Spot Picking and Protein Identification by Electrospray Ionization LTQ-Orbitrap MS
Protein spots of interest were excised from the gels using the Ettan Spot Picker robot (GE Lifesciences) and the spot pick map generated by the Decyder software, according to the instrument handbook and user manual. Digestion of protein was performed according to the in-gel method (Kinter and Sherman, 2000) with some modifications. Excised gel spots were dehydrated in 100 mL of acetonitrile (ACN) for 5 min at room temperature, the supernatant was removed, and gel fragments were air dried. Samples were rehydrated in 20 mL of trypsin (25 ng/mL) until the solution was absorbed (10 min). Ammonium bicarbonate (BICAM; 50 mM) was added to completely cover the rehydrated gel, and the sample was incubated overnight at 378C. Following overnight incubation, an additional 20 mL of 50 mM BICAM was added to the sample and incubated at room temperature for 10 min. The sample was then centrifuged, and the extract was transferred into an empty 0.5-mL eppendorf tube. The gel spot was reextracted with 20 mL of extraction solution (5% formic acid in 50% ACN) and incubated for 10 min at room temperature. The sample was then vortexed and centrifuged for 30 s. The supernatant was collected without disturbing the gel piece and combined with the previous extract. Protein digests were desalted by solidphase extraction by means of a modified protocol for C18-ZipTips from Millipore. For peptide binding and washing, the sample was aspirated 60 times, and peptides were eluted in 15 mL of 1% formic acid in 50% ACN.
Peptide mixtures were analyzed by nano-liquid chromatography-MS/ MS using a Finnigan MicroAS autosampler and a Surveyor MS pump system coupled to an LTQ-Orbitrap (Thermo). Forty microliters of each mixture was loaded on a C18 precolumn (Symmetry300 C18 5 mm; NanoEase Trap Column, Waters) at 3 mL/min for 15 min in 0.1% formic acid in 5% ACN. Peptides were eluted using a 5 to 35% gradient of solvent B (0.1% formic acid in 100% ACN) during 60 min at a flow rate of 300 nL/min with a BioBasic C18 picofrit column (PFC7515/BI/10; New Objective). Data-dependent acquisition mode was performed with the Xcalibur software. A fourier transformed full scan was acquired by means of the Orbitrap, from 300 to 1800 m/z with resolving power set at 30,000 (400 m/z). The five most intense peaks were sequentially isolated for the MS/MS experiments in the linear ion trap (LTQ) using collisionally induced dissociation. To prevent duplication of MS/MS data for the same peptide, dynamic exclusion was set to 2, and selected ions were placed on the exclusion list for 45 s. The MS/MS raw spectra data were converted to DTA files using ThermoElectron Bioworks 3.2 and analyzed by means of Turbo SEQUEST (ThermoFisher Scientific). From a general Uniprot100 database, two decoy databases were generated for M. crystallinum and Arabidopsis. Independent searching was performed using rigorous parameters (Xcorr z = 1: 1.90, z = 2: 2.70, z = 3: 3.50, z = 4: 3.75 and Delta Cn >0.1). The search parameters were set for dynamic modifications for Cys alkylation with iodoacetamide and Met oxidation.
Glycolytic Enzyme Activity
Aldolase and enolase activities were measured spectrophotometrically by monitoring the initial rate of NADH utilization at 340 nm according to the coupled methods as described by Hodgson and Plaxton (1998) for aldolase and Hü ther et al. (1990) for enolase, using a Hewlett Packard 8452A Diode-array spectrophotometer. The rate of NADH oxidation in the presence of 30 mg total protein was calculated using the NADH molar extinction coefficient of 6220 mol cm 21 and expressed as mmol mg 21 protein min 21 .
Immunoprecipitation
Tonoplast protein (30 mg) was incubated with 500 mL of NET-gel buffer (50 mM Tris/HCl, pH 7.5, 150 mM NaCl, 0.1% NP-40, 1 mM EDTA, and 0.25% gelatin) containing the appropriate antibodies at the above mentioned dilutions for 1 h at 48C on a rocking table. Protein A Sepharose CL-4B (20 mL; GE Lifesciences) was added and the slurry rocked for a further 2 h at 48C. Samples were centrifuged at 12,000g for 30 s, and the pellet was washed twice with NET-gel buffer and once with wash buffer (10 mM Tris/HCl, pH 7.5, and 0.1% Nonidet P-40). The pellet was resuspended with 20 mL of 2.5% Laemmli sample buffer and heated at 958C for 3 min. Samples were centrifuged at 10,000g prior to loading onto a 10% linear acrylamide gel for SDS-PAGE and subsequent protein blotting as described.
V-ATPase Hydrolytic Activity
Hydrolytic activity of V-ATPase was measured by the release of Pi according to the method of Ames (1966) , as previously described (VeraEstrella et al., 2004) . Tonoplast protein (15 mg) was incubated in 300 mL of solution containing 50 mM KCl, 1 mM sodium molybdate, 3 mM Tris/ATP, 6 mM MgSO 4 , and 30 mM Tris/MES, pH 8.0. Activity was measured in the presence or absence of 100 nM bafilomycin, 10 mM azide, and 100 mM vanadate to inhibit the activities of the V-ATPase, F-ATPase, and the P-ATPase, respectively, when necessary. Lyopholized and purified spinach (Spinacia oleracea) aldolase (E.C. 4.1.2.13) and rabbit enolase (E.C. 4.2.1.11), purchased from Sigma-Aldrich, were resuspended in sterile milli-Q water, and the indicated units were added to the assay. The reaction medium was incubated at 378C for 30 min and stopped by adding Ames solution (1 volume of 10% ascorbic acid to 6 volumes of 0.42% ammonium molybdate in H 2 SO 4 ), and the A 820 was measured using a Hewlett Packard 8452A diode array spectrophotometer. Bafilomycinsensitive and vanadate-and azide-resistant activity is presented. The values were calculated and represented as mmol of P i released mg 21 protein min 21 .
Chaotrope Treatment of Tonoplast
Purified tonoplast (200 mg) was incubated for 30 min at 48C in suspension buffer containing 250 mM mannitol, 10% glycerol (w/v), 10 mM Tris/MES, pH 8.0, and 2 mM DTT in the presence or absence of 200 mM Na 2 CO 3 , pH 11.4, supplemented with 3 mM MgSO 4 and 3 mM BTP-ATP. Following incubation, membranes were concentrated by centrifugation in a Beckman 55.2 Ti rotor in an L8-M ultracentrifuge at 100,000g for 50 min at 48C.
Accession Numbers
Sequence data from this article can be found in the Arabidopsis Genome Initiative or GenBank/EMBL databases under the following accession numbers: LOS2, At2g36530; ALD, X65742; and ENO1, J01322 (see additional accession numbers in Table 2 ).
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